ABSTRACT. Tobacco is an economically important crop, and its potassium content can greatly affect the quality of tobacco leaves. However, the molecular mechanism involved in potassium starvation in tobacco has not been elucidated to date. In this study, Illumina (Solexa) sequencing technology was used to analyze the transcriptome of tobacco seedlings under low-potassium stress for 6, 12, and 24 h. After analysis, 107,824 assembled unigenes were categorized into 57 GO functional groups, and 31,379 unigenes (29.08%) were clustered into 25 COG categories. A total of 9945 genes were classified into 233 KEGG pathways, and 15,209 SSRs were found among the 107,824 unigenes. Between the two samples, 1034 genes were differentially expressed. Twelve randomly selected gene expression levels were analyzed by quantitative RT-PCR, and the results were highly consistent with those 
INTRODUCTION
Potassium (K + ) plays a major role in plant growth, development, and response to stress. Generally, the K + concentration in the soil is within the range of 0.025 to 5 mM; however, the cytoplasmic K + concentration in plant cells is approximately 100 mM. Due to the limited availability of K + in the soil, most plants have evolved both high-and low-affinity K + transport systems (Ward et al., 2009) ; in particular, high-affinity K + transporters function to allow survival under K + deficiency stress (Very and Sentenac, 2003) . For example, AtHAK5, OsHAK1, and TaAKT1 (Buschmann et al., 2000; Bañuelos et al., 2002; Gierth et al., 2005) were induced by K + starvation. Recent studies suggested that calcium-mediated CBL-CIPK signaling could regulate the K + channels AKT1 and ATK2 in Arabidopsis (Xu et al., 2006; Held et al., 2011) . These results imply that plants have formed a complex signaling and molecular regulatory network to adapt to K + -deficient environments. Tobacco is an economically important crop that is used as a model plant in gene function research. China is one of the main tobacco-producing countries. In recent years, following increased consumption, the quality requirements for tobacco have also increased. The potassium content has become one of the important indices to evaluate the quality of tobacco leaves (Chaplin, 1980) . Additionally, the potassium content correlates with the safety of tobacco leaves; research suggests that tobacco leaves with 1-5% more potassium can reduce the tar content by 20% (Yamamoto et al., 1990) . Improving the potassium content of tobacco has become an important focus of tobacco research. Recently, transcriptomic analyses have been widely adopted in functional genomic studies of both model and nonmodel plants. Lu et al. (2015) performed a transcriptomic analysis of tobacco seedlings that were subjected to a low potassium treatment using the gene chip method. Now, the next-generation sequencing method RNA-seq can provide a large amount of expressed sequence tags and transcript expression information between samples (Vanverk et al., 2013) . This technique has been applied in studies of plant responses to various abiotic stressors (Postnikova et al., 2013; Zeng et al., 2014) .
In this study, two complementary DNA (cDNA) libraries were generated from tobacco seedlings grown on MS medium and under low-potassium stress for 6, 12, and 24 h. The Illumina (Solexa) sequencing platform was used for the de novo transcriptome sequencing of the two library samples. After analysis, 1034 unigenes were differentially expressed by at least 2-fold. A total of 12 unigenes were randomly selected, and their expression levels were confirmed by quantitative real-time polymerase chain reaction (qRT-PCR). The results suggested that the RNA-seq data were strongly correlated with the qRT-PCR data. The aims of this study were to discover the molecular basis of the tobacco seedling's early response to low-potassium stress and to serve as a valuable resource for future research on potassium stress.
MATERIAL AND METHODS

Plant materials and growth conditions
Tobacco seeds were surface sterilized and germinated on MS medium for 20 days. The greenhouse was maintained under a 16-h/8-h day/night light cycle and a 28°/25°C day/ night temperature cycle. Then, the seedlings were transferred to low-potassium medium for 6, 12, and 24 h of treatment. Seedlings grown on MS medium served as a control. Two seedling samples were collected, immediately frozen in liquid nitrogen, and then stored at -80°C for further analysis. The normal MS medium contained 0.8% (w/v) agarose and 3% (w/v) sucrose. The LK medium was modified from MS medium (Liu et al., 2013) .
Construction of the cDNA library for sequencing
Total RNA was isolated from tobacco seedlings using TRIzol reagent (Invitrogen, USA) following the manufacturer protocol. RNA quality and concentration was checked using an Agilent Bioanalyzer 2100 (Agilent Technologies, USA). Poly(A) mRNA was isolated using an Oligotex mRNA Mini Kit (QIAGEN, Germany) from the total RNA quantified and then broken into short fragments for cDNA library construction. Two tobacco seedling cDNA libraries were constructed using the Genomic DNA Sample Prep Kit (Illumina, USA) according to the manufacturer protocol. Paired-end transcriptome sequencing was performed by Shanghai Biotechnology Corporation (Shanghai, China) using an Illumina HiSeq TM 2000.
De novo assembly and functional annotation of unigenes CLC Genomics Workbench (version 4.9; QIAGEN) was used to pre-process and assemble the raw sequence data. Before assembly, the adapter sequences, low-quality (Q20, 20) sequences, and ambiguous inner regions were removed. A contig scaffolding algorithm was used for de novo assembly, length fraction, and similarity ratio, and the minimum contig parameters were considered. The function of unigenes was annotated by a BLASTx against the NCBI non-redundant (Nr) database, with a typical cut-off E-value of 10 -5 . WEGO was used to perform a Gene Ontology (GO) classification (Ye et al., 2006) . The unigene sequences were aligned to the Clusters of Orthologous Groups (COG) database and Kyoto Encyclopedia of Genes and Genomes (KEGG) database to predict and classify gene functions.
Identification and functional annotation of differentially expressed genes (DEGs)
In this study, the expression level of each transcript was analyzed between the two samples using the RPKM method (reads per kilobase of transcript per million mapped reads) (Mortazavi et al., 2008) . The significance of the difference in gene expression between the control (CK) and low-potassium (LK) treatment was determined using DEGseq, an R package (Wang et al., 2010) . When the false-discovery rate was less than 0.05 and the log 2 ratio was greater than 1 (2-fold change) between the two samples, the unigenes were considered differentially expressed.
qRT-PCR analysis
Based on the target gene sequences, 12 gene-specific primer pairs were designed with the Premier 5.0 software (PREMIER Biosoft, USA). qRT-PCR was performed in a 25-µL reaction volume that included 1 µL cDNA, 12.5 µL 2X SYBR Green Master Mix, and 10 µM forward and reverse primers. Three biological replicates were performed in each experiment. The thermal cycling conditions were as follows: 95°C for 10 s, 95°C for 15 s, and 50°C for 1 min for a total of 40 cycles. The tobacco actin gene was used as an internal control for normalization to compare the gene expression level. The relative gene expression levels were calculated using the 2 -∆∆Ct method.
RESULTS
Sequencing and de novo transcriptome assembly
Two cDNA libraries were constructed from the CK and LK treatments of tobacco seedlings. After sequencing, 60,637,384 raw reads were generated from the CK library, and 49,037,982 raw reads were generated from the LK library. The raw data was deposited in the Gene Expression Omnibus (GEO) database (Accession Nos. GSM1555574 and GSM1555575). The raw reads had an average length of 100 bp. Clean reads from the CK and LK samples were 57,448,884 and 46,640,789 bp, respectively, after removing the low-quality reads and adapter sequences. After de novo assembly, 107,824 unigenes were acquired; the average unigene length was 795 bp, and the N50 was 962 bp (Table 1) . 
Functional annotation
All 107,824 assembled unigenes were blasted against the NCBI Nr protein database using a cut-off E-value of 10 -5
. In total, 55,926 unigenes (51.9%) were annotated. For the E-value distribution, 55.6% had an E-value of less than 1.0E -50 , whereas the remaining 44.4% had an E-value between 1.0E -5 and 1.0E -50 . The similarity distribution showed that 30.76% of these aligned unigenes had a similarity higher than 90%. Regarding species distribution, Vitis vinifera (32.75%) was the most closely matched species, followed by Ricinus communis (11.72%), Populus trichocarpa (11.34%), Nicotiana tabacum (7.22%), Glycine max (6.16%), Solanum lycopersicum (4.46%), and S. tuberosum (2.88%). The 20 top-hit species based on the Nr annotation are shown in Figure 1 .
GO classification
The GO classification based on sequence homology revealed that the 107,894 assembled unigenes were categorized into 56 functional groups (Figure 2 ). The three major categories were molecular function, biological processes, and cellular processes. In the 'biological process in level 2' category, unigenes related to 'metabolic processes' (31.92%), 'cellular processes' (28.67%), and 'biological regulation' (6.36%) were predominant. 'Cell' (25.09%), 'cell part' (25.09%), and 'organelle' (15.72%) were the most abundant class in the 'cellular component in level 2' category. In the 'molecular function in level 2' category, 'binding (45.87%)', 'catalytic activities' (41.05%), and 'transporter activity' (41.05%) were the three largest groups. 
COG classification
In this analysis, 31,379 unigenes (29.08%) were clustered into 25 functional categories using COG classification (Figure 3) . The cluster for 'signal transduction mechanisms' (3863 unigenes, accounting for 12.31%) was the largest group, followed by 'general function prediction only' (3735, 11.9%), 'post-translational modification, protein turnover, and chaperones' (3414, 10.88%), and 'nuclear structure' (164, 0.52%). 'Cell motility' (15, 0.04%) was the smallest group. 
KEGG classification
After KEGG analysis, 9945 DEGs were classified into 233 pathways, of which 26 key pathways were selected and counted carefully. The three dominant pathways were 'metabolic pathways' (1282 unigenes, accounting for 12.89%), 'biosynthesis of secondary metabolites' (603, 6.06%), and 'microbial metabolism in diverse environments' (311, 3.12%). We were interested in three pathways related to low-potassium; these pathways are 'plant hormone signal transduction' (151, 1.51%), 'pyruvate metabolism' (59, 0.59%), and 'ABC transporters' (14, 0.14%). The expression patterns of 15 DEGs involved in the pyruvate metabolism pathway were all up-regulated (Figure 4 ).
EST-SSR detection and distribution
In this study, 15,209 SSRs were found among the 107,824 unigenes. Among these SSRs, 15,209 microsatellites were included that contained di-, tri-, tetra-, penta-, hexa-, single, and mixed nucleotide repeats. An overview of the SSR results is summarized in Table 2 . The highest abundance repeat motif was 'single SSR' (7762, 51.03%), followed by 3721 'di-nucleotide SSRs' that accounted for 24.46%. 'Penta-nucleotide SSR' (26, 0.17%) was the lowest group. 
Differential gene expression and identification
Differentially expressed genes between the CK and LK samples were analyzed by the fragments per kilobase of transcript per million fragments mapped (FPKM) method and P value. An FPKM ≥2 and P value ≤0.01 were the screening threshold values for the two samples. A total of 1034 DEGs were identified after low-potassium treatments for 3, 6, 12, and 24 h. Of the DEGs, 732 were up-regulated, and 302 were down-regulated ( Figure 5 ). To verify the RNA-seq data, 12 DEGs were randomly selected for qRT-PCR analysis, including DREB4 (contig_2186), ABA 8'-hydroxylase CYP707A1 (contig_2887), ethyleneresponsive transcription factor 4 (contig_3933), WRKY DNA-binding protein (contig_9447), brassinosteroid insensitive 1-associated receptor kinase 1 (contig_11451), osmotic stress-induced zinc-finger protein (contig_13923), calcium binding protein (contig_16053), regulator of gene silencing (contig_17001), membrane located receptor-like protein (contig_18779), metal ion binding protein (contig_19045), gibberellin-regulated protein 3 (contig_21298), and JA-induced WRKY protein (contig_26340). The qRT-PCR primer sequences are listed in Table 3 . The results indicated that these gene expression levels were up-regulated after the qRT-PCR analysis, a result that is consistent with the RNA-seq data (Figure 6 ). However, the expression levels of four genes (i.e., ABA 8'-hydroxylase, ethylene-responsive transcription factor 4, WRKY DNA-binding protein, and calcium binding protein) calculated by qRT-PCR were higher than those generated by RNA-seq, a discrepancy potentially due to the higher sensitivity of qRT-PCR. 
DEGs encoding transcription factors
Transcription factors are involved in many abiotic stresses. In this study, 36 DEGs encoding transcription factors were found, including ethylene-responsive transcription factors (16), WRKY (8), DREB (5), GRAS (2), RAV (2), BZIP (1), HBP (1), and MYC (1). All 16 ethylene-responsive transcription factors had increased expression levels after low-potassium treatment. Similarly, 8 WRKY transcription factors were up-regulated, and their expression levels increased by at least 4.54-fold following low-potassium treatment. The expression level of 5 DREB transcription factors increased drastically from 8.30-to 14.64-fold. In total, 36 genes were up-regulated, and only BZIP was down-regulated (2.88-fold).
DEGs encoding kinases, transporters and channel proteins
Protein kinases are vital to plant cell transduction processes. Twenty kinases were identified, and among them 13 were protein kinases, 3 were MAPKs (mitogen-activated protein kinases), 2 were brassinosteroid insensitive 1-associated receptor kinases, and 2 were phosphoglycerate kinases (PGKs). Seventeen kinases had increased expression levels. Only one adenylate kinase and two phosphoglycerate kinases were down-regulated. We also found 6 up-regulated transporters, including 3 ABC transporters, 1 hexose transporter, 1 sorbitol transporter, and 1 ATP/ADP transporter. In addition, 2 water channel proteins were identified and were down-regulated in response to low-potassium stress.
DEGs related to hormone signaling and oxidase stress
Hormone signaling is closely related to low-potassium stress. A total of 5 hormonerelated DEGs were found, including 2 auxin-repressed proteins, 2 jasmonic acid proteins, and 1 snakin. Among these DEGs, only snakin-2 (related to gibberellin) was down-regulated. A reactive oxygen species (ROS) signal can help a plant adapt to low-potassium conditions. Twenty-four DEGs involved in oxidase stress were identified; 9 genes were up-regulated, and 15 were down-regulated, including 16 peroxidases, 2 superoxide dismutases, 3 cytochrome P450s, and 3 oxidases.
DISCUSSION
Tobacco requires a large amount of potassium during its growth period. The potassium content is higher during the early stages of tobacco growth, but at later stages, a potassium efflux phenomenon is commonly produced after root senescence and topping. In our experiment, two cDNA libraries were generated from tobacco seedlings grown on MS medium and under low-potassium stress for 6, 12, and 24 h to determine the genes that are involved in lowpotassium stress. Thirty-five transcription factors were up-regulated, and only one, BZIP, was down-regulated. The expression levels of 16 ethylene-responsive transcription factors were up-regulated, and these factors can bind the GCC box (TAAGAGCCGCC) of target genes (Fujimoto et al., 2000) . Two Ets2 repressor factors were involved in low-potassium stress (Shankar et al., 2013) , so these genes may regulate target genes in pathways that respond to low-potassium levels in tobacco. NtWRKY3, NtWRKY6, and NtWRKY8 were previously reported to be involved in plant defense (Melanie et al., 2008; Nobuaki et al., 2011) , and these three transcription factors were up-regulated under low-potassium stress. Their function will be studied in transgenic plants in the future.
The GRAS family is a class of plant-specific transcription factors that play essential roles in stress (Fode et al., 2008) . Two GRAS genes were up-regulated by 2-to 4.7-fold. This finding suggests that these genes are positive regulators in response to low-potassium stress. Two NbMYC (bHLH) transcription factors were identified to be positive regulators in the jasmonate activation of nicotine biosynthesis (Kathleen et al., 2011) . In this study, one MYC gene was up-regulated, indicating that tobacco MYC functions in low-potassium stress.
Calcium-dependent protein kinase (CDPK or CPK) conducts a calcium signal in a plant's response to various stimuli, including abiotic and biotic stresses (Schulz et al., 2013) . Two CDPKs (CDPK8) were up-regulated in our study. NtCDPK2 and NtCDPK3 have been reported to respond to biotic or abiotic stress (Witte et al., 2010) . OsSIK1 (receptor-like protein kinase) increased salt and drought tolerance in rice when over-expressed (Ouyang et al., 2010) . Five receptor-like protein kinases were up-regulated from 5.84-to 6.12-fold. Thus, we hypothesized that these kinases play an important role in the adaptation to low-potassium stress in tobacco. Additionally, 3 mitogen-activated protein kinase kinase kinases (MAPKKK) had increased expression in our results. Recent studies showed that MAPK (mitogen-activated protein kinase) cascade systems are very important components of signal perception in the signaling pathway of plants under abiotic stress (Sinha et al., 2011) . Two brassinosteroidinsensitive 1-associated receptor kinases 1 (BAK1) were up-regulated by at least 4.5-fold after low-potassium stress. Previous research reported that BAK1 is a central regulator of brassinosteroid signaling (Heese et al., 2007) . These results suggest that the brassinosteroid signal and low-potassium stress interact.
The absorption and uptake of K + in the plant cell is primarily performed by K + transporters and K + channels (Ashley et al., 2006) . However, in our transcriptomic analysis, none of the K + transporters or K + channels had a 2-fold change in gene expression. This result is similar to that obtained for rice (Shankar et al., 2013) . Most K + transporters of wild barley increased after a 48 h low-potassium treatment (Zeng et al., 2014) . Perhaps the transcription levels of K + transporters and K + channels were not significantly affected for short durations under low-potassium treatment. Among the 6 transporters, 3 ABC transporters were up-regulated. In Arabidopsis, the ABC transporters are involved in ABA and the drought pathway (Kang et al., 2010; Kuromori et al., 2011 ). The sorbitol transporter expression level was increased 3-fold, suggesting that it responds to low-potassium stress in tobacco. Li et al. (2012) reported that three sorbitol transporter genes in apples were involved in drought stress. Two water channel proteins were down-regulated. The over-expression of AqpL1 (water channel protein) in tobacco greatly increased the osmotic water permeability of leaf protoplasts (Ding et al., 2004) , but the expression level of two aquaporin genes (CsPIP1; 2 and CsPIP2; 4) from cucumber decreased after PEG and NaCl treatment for 2 and 24 h of treatment (Qian et al., 2014) , suggesting that water channel proteins in different plants have different regulatory mechanisms.
The auxin-repressed protein is a negative regulator of auxin. When the auxin content is high, the gene expression level is low, and the plant will grow (Park and Han, 2003) . In the present study, 2 auxin-repressed proteins were up-regulated, demonstrating their importance in plant cells, but their mechanism of action remains to be studied. Jasmonic acid is a vital plant hormone with a close relationship to biotic and abiotic resistance. Two genes related to jasmonic acid were up-regulated by at least 4.5-fold. Jasmonic acid and auxin affect root growth through a common interaction Chen et al., 2011) . This report is the first to indicate that jasmonic acid is related to low-potassium stress. A gene annotated as snakin-2, which responds to gibberellin, was down-regulated by 2.68-fold. In potato, Snakin-2 was induced by ABA and depressed by GA (Marta et al., 2002) . GA can improve the auxin content, suggesting that plant hormones interact in a complex network that responds to low-potassium stress.
ROS act as important signaling molecules, especially in response to potassium starvation (Bhattacharjee, 2005; Shin et al., 2005) . The expression level of many genes related to ROS production and detoxification changed in this study, and this result is consistent with previous reports (Wang et al., 2012; Shankar et al., 2013) . Among the genes, 3 cytochrome P450s were up-regulated, and P450 can regulate auxin synthesis in Arabidopsis (Bak et al., 2001 ). Thus, we hypothesize that P450 functions in potassium deficiency stress by modulating root growth to some extent. Two superoxide dismutases were up-regulated by at least 3-fold; thus, a higher level of superoxide dismutases could protect cells against membrane peroxidation after low-potassium stress. In this study, transcription factor, protein kinase, transporter, plant hormone signaling molecule, and oxidase stress factor genes in tobacco seedlings constituted an important gene-regulatory network under early low-potassium stress (Figure 7 ). Further research using over-expression and RNAi technology should focus on the functions of these genes. 
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